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A novel mixed-valent AgI/Ag0 Th-Ag34 cage was obtained by a
one-pot ultrasonic reaction. In the shell of the cage, CO3
2 anion
is derived from atmospheric CO2 and adopts a rare l6 bridging
mode to link the AgI ions. In the core of the cage, an
unprecedented neutral metal cluster with six zero-valent silver
atoms is encapsulated.
Chemical fixation and activation of CO2 have captured ever-
increasing interest due to the global environmental problems
as well as its use as a cheap and green chemical feedstock.1
In an effort to fix and utilize CO2, a wide variety of different
strategies are being pooled together to deal with the
excess CO2, such as catalytic transformation
2 and chemical
conversion.3 Among them, utilization of coordination to fix
CO2 is particularly interesting. So far, a number of ZnII, CuII,
CoII, NiII and LnIII (Ln = La, Pr and Nd) complexes have
successfully been used to fix CO2.
4 Despite intensive studies,
hitherto only one example involving fixation of CO2 by silver
complexes was reported by Wang et al.5
Silver clusters have been intensively investigated. Although
many silver clusters have been synthesized,6 no precedent of a
structurally characterized cluster containing Ag0 centers7 has
been reported until now. Tertiary phosphanes, especially
acyclic diphosphines of the type Ph2P(CH2)nPPh2, which are
known to function as ‘‘stabilizing agents’’ on the metal centers,
are usually employed in the synthesis of metal-rich silver
chalcogenide clusters. In the course of our investigations on
the assembly of AgI coordination complexes,8 our synthetic
attempts to introduce dppm (dppm: 1,10-bis(diphenylphosphine)-
methane) as an auxiliary ligand into the above system led to
the isolation of a high-symmetrical and mixed-valent AgI/Ag0
cage, [Ag34(CO3)12Cl4(dppm)12] (1164DMF). Herein we
report synthesis and crystal structure of the neutral 1, which
structurally contains twelve CO3
2 anions originated from
atmospheric CO2 and an unprecedented Ag6 octahedron
purely built by zero-valent silver atoms.
Reaction of Ag2O with dppm, NH2dmpym (NH2dmpym:
2-amino-4,6-dimethylpyrimidine) and NaClO4H2O in mixed
solvents DMF/CH3CN (DMF: N,N-dimethylformamide) in
the presence of ammonia in air led to the isolation of 1 as
polyhedron-like colorless crystals. The ratios of reactants and
solvents as well as the correct amount of ammonia are very
important for the formation of crystals of 1.z
Single-crystal X-ray diffraction analysisy reveals that 1
crystallizes in the cubic space group Fd3 and is a perfect Th
symmetric polynuclear cage-like complex encapsulating an
Ag6 neutral cluster core. There are four crystallographically
independent Ag atoms, one Cl ion, one dppm ligand as well
as one CO3
2 in an asymmetric unit (Fig. 1a). Analysis of the
local symmetry of the metal atoms showed that Ag4 resides on
a special position (site occupancy factor (SOF) = 1/3)
containing a threefold axis, and the Ag1 resides on the other
special symmetry site (SOF= 0.5) containing a twofold axis. 1
is comprised of 34 Ag atoms, 12 dppm ligands, 12 CO3
2 and 4
Cl ions (Fig. 1b). As such, 34 Ag atoms can be divided into
two categories: 28 on the surface and 6 in the interior. The
geometry of the outermost shell is a tetrahedron (Fig. 2a) on
which 28 AgI ions are coordinated by 12 CO3
2 ions which
adopt a rare m6–Z
2:Z2:Z2 bridging mode with Ag–O bond
distances ranging from 2.282(8) to 2.334(8) Å for O1, 2.348(8)
to 2.483(8) Å for O2 and 2.196(8) to 2.288(8) Å for O3. Four
m3-Cl
 ions lie on the crystallographic threefold axes and
occupy the vertices of the tetrahedron with an Ag–Cl distance
of 2.629(3) Å. Additionally, 12 bidentate dppm ligands are
coordinated to the surface of the cage by linking twelve pairs
of AgI ions. The overall structure of 1 can be metaphorized into
a ‘‘Russian-Doll’’ formulated as [Ag6@Ag28(CO3)12Cl4(dppm)12],
which denotes that a small octahedral cluster is fully encapsu-
lated in a big tetrahedral cage made up of 28 AgI ions. The
existence of Cl in 1 is supported by the result of energy
dispersive X-ray spectroscopy (EDS) (Fig. S4, ESIw).
The source of Cl should be solely from the reduction
of the ClO4
,9 which is proved by using a ‘‘chloride-free’’
DMF/CH3CN solvent system in the synthesis of 1. Herein,
dppm is a potential reductant10 because of the isolation of a
byproduct [Ag2(dppa)(dppm)(ClO4)]22DMF (2) (see ESIw)
incorporating an in situ generated diphenylphosphinic acid
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(Hdppa) ligand which originates from the oxidization of
dppm by ClO4
.
The most intriguing feature of 1 is that an Ag6 octahedron
defined by the Ag0 centers is encapsulated in the center of the
tetrahedron as a ‘‘guest’’ as shown in Fig. 2c. This ‘‘guest’’ is
protected by the out-shell Ag28 ‘‘host’’ and bound by 12 O atoms
from 6 CO3
2. The Ag6 octahedral cluster purely built by
Ag0  Ag0 interaction looks like a small piece of face-centered
cubic (fcc) lattice of bulk silver with a small relaxation. So far
as we know, this is the first well-characterized octahedral Ag0
cluster. The Ag0  Ag0 distance in the octahedral cluster is
2.795(2) Å, shorter than the Ag  Ag distance in metallic silver
(2.886 Å).11a Four symmetry-related Ag4 ions are face-capped
on the alternating triangular faces of the Ag6 octahedron
to form an Ag10 tetra-capped octahedral cluster (Fig. 2b).
Interior–surface Ag(i)  Ag(s) distance is 3.0027(16) Å and
surface–surface Ag(s)  Ag(s) distances range from 2.9243(16)
to 3.113(2) Å. All Ag  Ag distances are suggestive of the
significance of argentophilicity11 that promotes the aggregation
of silver centers. The XPS result supports the existence of Ag0.
The Ag 3d5/2 XPS peak (Fig. S7, ESIw) can be differentiated
into two peaks at 368.7 eV and 368.3 eV, corresponding to the
presence of Ag0 and AgI in the cage.12
During the preparation of 1, we found that the color of the
filtrate obviously changed from pale yellow to brown black in
air under darkness in a few hours (Fig. S8, ESIw). The whole
process was monitored using UV/Vis spectrophotometry
(Fig. S9, ESIw) and the resultant precipitate was identified to
be Ag0 particles by powder X-ray diffraction and Scanning
Electron Microscope (Fig. S10, ESIw). Both of them prove the
formation of Ag0 and the occurrence of intricate redox reactions.
As a base, NH3H2O firstly favours the transformation of
CO2 to CO3
2 via hydration, and then the formed CO3
2 ions
function as a ligand for the generation of 1. On the other
hand, it can also react with AgI to form unstable species
[Ag(NH3)2](OH),
13 which not only facilitates the reduction
of reaction rate and growth of single crystals, but also affords
OH enabling reduction of AgI into Ag0.7 As we know, NaOH
was widely used to reduce or promote reduction of Ag, Pd and
Pt ions to result in metallic clusters or nanoparticles.14
When we placed the filtrate obtained during the synthesis of
1 in inert N2 atmosphere without CO2 under darkness, the
color of the filtrate remained unchanged for a long time and
then we isolated [Ag2(dppm)(NHdmpym)(ClO4)]2 (3) (see ESIw),
which suggests that the CO3
2 anions in 1 are formed by the
absorption and hydration of atmospheric CO2. The existence
of the CO3
2 anions in 1 was further confirmed by IR spectrum
which shows two strong bands at 1465 and 1437 cm1, similar to
C–O antisymmetrical stretching frequencies observed for
m3-carbonato bridging and two weaker bands at 877 and
668 cm1, corresponding to the bending non-planar mode
(n2) and bending angular mode (n4) respectively.
15
In conclusion, we described the preparation and structural
characterization of a novel mixed-valent AgI/Ag0 Th-Ag34
cage. In the shell of the cage, CO3
2 ions are derived from
Fig. 1 (a) The asymmetric unit of 1, less the lattice water (thermal
ellipsoids at 20% probability). (b) The molecular structures of 1.
All hydrogen atoms and water molecules are omitted for clarity.
Fig. 2 (a) Th-Ag34 cluster skeleton incorporating twelve m6-CO3
2
represented in cyan and four m3-Cl
. All dppm ligands are omitted for
clarity. (b) Tetra-capped octahedral Ag10 cluster. (c) Zerovalent
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atmospheric CO2 and adopt the rare m6 bridging mode to link
the AgI ions. Thus, CO2 molecules from the atmosphere are
captured with high efficiency and fixed by the Th-Ag34 cage
through chemical conversion. In the core of the cage, an
unprecedented neutral metal cluster with six interior zero-
valent silver atoms is encapsulated.
This work was financially supported by the National
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Notes and references
z 1: Reaction of Ag2O (116 mg, 0.5 mmol), NH2dmpym (124 mg,
1 mmol), dppm (192 mg, 0.5 mmol) and NaClO4H2O (140 mg, 1 mmol)
in DMF/CH3CN (16 mL, v/v 3 : 5) in the presence of ammonia
(25%, 0.5 mL) in air under ultrasonic treatment at 50 1C. At first a
pale yellow filtrate was obtained by filtration, after one day standing,
the color obviously changed to dark brown. Finally a clear solution
was obtained by filtration again and allowed to slowly evaporate in
darkness in constant environment (38 1C) for one week to give
colorless block crystals of 1. The crystals were collected by filtration
and dried at room temperature. Yield: ca. 34% (98 mg) based on Ag.
Elemental analysis (EA) for 1164DMF (Ag34C804H1412Cl4O200P24N164):
calcd: C 45.70, H 6.74, N 10.87; found: C 44.88, H 5.96, N 11.66.
Selected IR peaks (cm1): 3053(m), 1666(m), 1465(m), 1437(s),
877(w), 736(s), 716(s), 693(s), 668(w), 526(s), 510(s), 479(m). 2: 2 is a
byproduct in the process of synthesis of 1. After obtaining complex 1
by filtration, the rest of mother liquor was left in the constant environ-
ment (38 1C) again, after about two weeks, the yellow plate crystals of 2
was obtained. The crystals were collected by filtration and dried at room
temperature. Yield: ca. 16% (48 mg) based on Ag. EA for 2
(Ag4C80H78Cl2N2O14P6), calcd: C 47.76, H 3.91, N 1.39; found:
C 47.68, H 3.97, N 1.44. Selected IR peaks (cm1): 3050(m), 1471(m),
1081(s), 950(s), 940(s), 738(s), 725(s), 520(w), 508(w), 485(w). 3:
Synthesis of 3 is similar to that of 1, but synthesis and crystallization
of 3were conducted under N2 atmosphere, the yellow block crystals of 3
were obtained in three days. Yield: ca. 58% (238 mg) based on Ag. EA
for 3 (Ag8C124H120Cl4N12O16), calcd: C 49.01, H 3.98, N 5.53; found:
C 48.93, H 3.89, N 5.46. Selected IR peaks (cm1): 3331(s), 3049(w),
1590(m), 1436(s), 1382(m), 1106(s), 745(s), 725(s).
y [Ag34(dppm)12(CO3)12Cl4] (1164DMF): data were collected on a
colorless block-shaped crystal, cubic, space group Fd3, a = 54.274(6) Å,
V = 159 876(32) Å3, Z = 8, Mr = 9141.89, rcalcd = 0.760 g cm
3,
m(Mo Ka) = 0.897, 44 892 reflections collected on a Siemens SMART
CCD diffractometer with monochromatic Mo Ka radiation (l =
0.71073 Å), of which 11 717 unique and 2790 with I > 2s(I), Rint =
0.1179, R1 = 0.0742 [I > 2s(I)], wR2 = 0.2328 [all data]. The routine
SQUEEZE was applied to the structures in order to remove diffuse
electron density associated with disordered DMF solvent molecules,16
which estimates the solvent-accessible volume of 105 947 Å3 (66.3% of
the unit cell) to be occupied by 52 698 electrons (calcd. 164 DMF per
formula). The number of DMF was also proved by TGA (Fig. S11,
ESIw) and EA. [Ag2(dppa)(dppm)(ClO4)]22DMF (2): data were
collected on a yellow plate-shaped crystal, monoclinic, space group
P21/n, a = 11.453(2), b = 15.193(3), c = 23.416(5) Å, b = 97.14(3)1,
V = 4043.2(14) Å3, Z = 2, Mr = 1979.64, rcalcd = 1.626 g cm
3,
m(Mo Ka) = 1.203, 31 261 reflections collected on a Siemens SMART
CCD diffractometer with monochromatic Mo Ka radiation
(l = 0.71073 Å), of which 7115 unique and 4170 with I > 2s(I),
Rint = 0.0788, R1 = 0.0837 [I > 2s(I),], wR2 = 0.2748 [all data].
[Ag2(dppm)(NHdmpym)(ClO4)]2 (3): data were collected on a yellow
block crystal, monoclinic, space group P21/c, a = 12.670(3), b =
16.694(3), c = 30.990(6) Å, b = 91.75(3)1, V = 6552(2) Å3, Z = 2,
Mr = 1643.42, rcalcd = 1.666 g cm
3, m(Mo Ka) = 1.414, 88 354
reflections collected on a Siemens SMART CCD diffractometer with
monochromatic Mo Ka radiation (l = 0.71073 Å), of which 12 870
unique and 8957 with I > 2s(I), Rint = 0.0610, R1 = 0.0423
[I > 2s(I)], wR2 = 0.1348 [all data]. CCDC 743742 (1), 743901 (2)
and 743743 (3) contain the supplementary crystallographic data for
this communication.
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